Lantibiotics, such as nisin and subtilin, are lanthionine-containing peptides that exhibit antimicrobial as well as pheromone-like autoinducing activity. Autoinduction is specific for each lantibiotic, and reporter systems for nisin and subtilin autoinduction are available. In this report, we used the previously reported subtilin autoinduction bioassay in combination with mass spectrometric analyses to identify the novel subtilin-like lantibiotic entianin from Bacillus subtilis subsp. spizizenii DSM 15029
Lantibiotics are ribosomally synthesized and posttranslationally modified peptide antibiotics that contain the nonproteinogenic amino acids lanthionine and 3-methyllanthionine, as well as didehydroamino acids (38) . So far as is known, lantibiotics are produced exclusively by Gram-positive bacteria (1, 9, 44) . Lantibiotics have attracted much attention due to the success of the well-characterized lantibiotic nisin as a food preservative (16) .
The lanthionine and 3-methyllanthionine residues exhibit the characteristic intramolecular thioether bridges of lantibiotics. Ring formation goes along with restricted proteolytic cleavability as well as inhibited fragmentation efficiency because of the necessity of two bond breakages within the cyclic parts of the sequence. Consequently, tandem mass spectrometric (MS-MS) analyses could not be used for the determination of the primary structures and modifications of native lantibiotics (10, 33) .
The N-terminal lanthionine-bridged rings A and B allow for specific binding at the pyrophosphate moiety of lipid II, the essential precursor of cell wall synthesis (2, 21) . As a consequence of the formation of this lantibiotic-lipid II complex, bacterial cell wall synthesis and lipid II biosynthesis are impeded (4, 19) . However, for the most intensively studied lantibiotic, nisin, the primary antibiotic activity is based on the formation of pores in the cytoplasmic membranes of Grampositive target cells subsequent to the generation of the complex with lipid II, leading to degradation of the membrane potential (3, 18) .
Lantibiotic biosynthesis receives much attention, since isolation and sequencing of the epiA structural gene proved that the lantibiotic epidermin from Staphylococcus epidermidis is ribosomally synthesized and posttranslationally modified (38) . In all lantibiotics, serine and threonine residues are dehydrated to yield 2,3-didehydroalanine (⌬A) and 2,3-didehydrobutyrine (⌬B), respectively. Subsequently, cysteine sulfhydryl side chains can be subject to stereospecific intramolecular Michael addition to a 2,3-didehydroalanine or -butyrine double bond, leading to the formation of the intramolecular lanthionine or 3-methyllanthionine ring structure (for a review, see reference 44) . As shown first for the lantibiotic subtilin, these posttranslational modifications are made at a multimeric protein complex consisting of dimers of three proteins. The sub-tilin biosynthetic proteins SpaB (and the corresponding lantibiotic protein LanB) and SpaC (LanC) are needed for dehydration and cyclization, respectively, whereas the SpaT (LanT) ABC transporter attaches the modification machinery to the cytoplasmic membrane (25, 26) .
As shown first for nisin from Lactococcus lactis, lantibiotics have quorum-sensing activity (29) . Subtilin expression in Bacillus subtilis is even more complex and is regulated in a dual manner. First, sigma factor H, the gene for which is controlled by the general abrB repressor, allows for low-level expression of the two-component regulatory system SpaRK (20, 27, 40) . Second, subtilin autoinduces histidine kinase SpaK, which in turn phosphorylates the response regulator SpaR and upregulates the transcription of subtilin biosynthesis and immunity genes (40) .
After the fusion of the promoter of the subtilin structural gene spaS with the ␤-galactosidase reporter gene, it was possible to establish a microtiter plate-based autoinduction bioassay for the detection of subtilin (6) . This autoinduction bioassay allowed for the identification of the new subtilinlike lantibiotic entianin. According to our observation, all other subtilin-like lantibiotics known to date are produced predominantly as N-terminally succinylated forms exhibiting only low antimicrobial potential (8) . Remarkably, considerable amounts of unsuccinylated entianin with high antimicrobial activity are produced by Bacillus subtilis subsp. spizizenii DSM 15029
T . As reported previously for subtilin (8) , the high antimicrobial potential of entianin against several Gram-positive bacteria is strongly reduced in its N-terminally succinylated form.
MATERIALS AND METHODS
Strains used in this study. All strains used in this study are listed in Table 1 . Chromogenic subtilin autoinduction plate assay for identification of lantibiotic producer strains. For the identification of lantibiotic-producing strains, the reporter strain B. subtilis ATCC 6633 ⌬spaS carrying P spaS -lacZ was streaked out onto a TY (0.8% tryptone and 0.5% yeast extract) agar plate supplemented with 0.3 M NaCl, 1.5% (wt/vol) agar, and 40 g/ml X-gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) in such a way that the plate was bisected into identical parts (6) . The B. subtilis strains to be investigated were streaked out perpendicularly to the reporter strain, starting from the side of the plate and ending inside the reporter strain growth zone. Production of autoinductively active compounds was observable by blue coloration at the interface of the reporter strain and the strain investigated after cultivation for 48 h at room temperature.
Growth conditions and isolation of entianin isoforms and S-subtilin. For the enrichment of the different lantibiotics, 5 ml of modified Landy medium (30) was inoculated with B. subtilis DSM 15092 T or B. subtilis ATCC 6633 colonies, which were incubated under permanent shaking at 155 rpm overnight at 37°C. Fifty milliliters of the same medium was inoculated with 1 ml of preculture in a 500-ml flask and was grown under the same conditions for 30 h. The Landy medium contained 0.5% (wt/vol) glutamic acid, 0.1% (wt/vol) yeast extract, 0.01% (wt/ vol) MgSO 4 , 0.05% (wt/vol) KCl, and 0.004% (wt/vol) FeSO 4 and was autoclaved after adjustment to pH 7.5 with KOH. Fifty milliliters of an autoclaved solution of 40% (wt/vol) glucose and 5 ml of 20% (wt/vol) KH 2 PO 4 were added to 1 liter of Landy medium. After centrifugation at room temperature for 20 min at 10,000 rpm, the culture supernatants were diluted with equal amounts of methanol and were loaded onto StrataX solid-phase extraction (SPE) cartridges (particle size, 33 m; Phenomenex, Aschaffenburg, Germany). After a wash with 70% methanol-0.1% trifluoroacetic acid (TFA), which led to elution of the truncated S-entianin fragment comprising amino acids 1 to 19 (fragment [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , intact entianin, succinylated entianin (S-entianin), and succinylated subtilin (S-subtilin) were eluted with 99.9% methanol-0.1% TFA, dried, and stored at Ϫ20°C.
Unsuccinylated and succinylated entianin and S-subtilin resulting from the crude SPE extracts were purified by semipreparative high-performance liquid chromatography (HPLC) using a System Gold solvent module (model 125) and a System Gold detector module (model 166) (both from Beckman, Krefeld, Germany) set at 214 nm. A Gemini-NX column (height, 250 nm; diameter, 10 mm; particle size, 10 m; Phenomenex) was used for chromatographic separation. Eluent A was 20% acetonitrile (ACN) and 0.1% TFA, and 99.9% ACN-0.1% TFA was chosen as eluent B. The lantibiotic-containing fractions were eluted with a gradient of 24% to 29% eluent B within 25 min and were stored after drying at Ϫ20°C. The purity of the isolated isoforms was verified by analytical-scale HPLC and matrix-assisted laser desorption-time of flight mass spectrometry (MALDI-TOF MS).
Linearization of succinylated entianin. For thorough sequencing of S-entianin, including its cyclic thioether sections, by tandem mass spectrometry, previous reductive linearization of the lantibiotic was necessary. Twenty milligrams of the dried crude SPE extract containing both entianin isoforms from B. subtilis DSM 15029 T was diluted in 700 l of a solution comprising 8 M guanidinium hydrochloride, 20 mM EDTA, and 200 mM Tris-HCl. After the addition of 400 mg Raney nickel, followed by shaking for 15 h at 55°C and subsequent centrifugation for 2 min at 5,000 rpm, the supernatant was removed and desalted using C 18 ZipTips (Millipore, Schwalbach am Taunus, Germany) according to the manufacturerЈs protocol. Mass spectrometric analysis revealed quantitative reductive linearization of S-entianin.
Proteolytic digestion of entianin, S-entianin, and their linearized counterparts. For determination of the primary structure of entianin, dried HPLCpurified entianin and S-entianin were dissolved in 25 mM Tris-HCl (pH 7.4) and were separately digested in-solution with trypsin or chymotrypsin. Modified chymotrypsin (bovine; emp Biotech, Berlin, Germany) and trypsin (Sigma-Aldrich, Taufkirchen, Germany) were dissolved to final concentrations of 50 ng/l and 120 ng/l, respectively, in a 25 mM NH 4 HCO 3 -500 M CaCl 2 solution. After 30 l S-entianin solution was mixed with 1 l trypsin solution and 10 l entianin solution was mixed with 0.8 l chymotrypsin solution, the mixtures were incubated for 30 h at room temperature. Furthermore, a linearized mixture of SPE-purified entianin and S-entianin was dried after desalting using ZipTip purification, redissolved in 6 l 25 mM Tris ⅐ HCl (pH 7.4), and digested with chymotrypsin only. A 0.3-l chymotrypsin solution was mixed with a 6-l linearized-lantibiotic solution, and the mixture was incubated for 30 h at 30°C. After digestion, each mixture was desalted by C 18 ZipTips. Cleavage of chymotrypsin was considered after the P1 residues Y, F, W, M, L, V, Q, and A, and not before P (17) . For trypsin, R and K were considered potential cleavage sites, and cleavage before P was not considered (17) . , was used for analysis of the MS spectra using the following parameters: baseline correction; Gaussian smooth, 5; minimum signal/noise (S/N) ratio, 10; mass peak filter, monoisotopic peaks.
To achieve the highest sensitivities, 4-chloro-␣-cyanocinnamic acid (ClCCA) (22, 23) was used as the matrix for all MALDI-TOF MS and MS-MS experiments as a 20 mM solution in 70% ACN. ClCCA was synthesized by means of a Knoevenagel condensation reaction according to the instructions given in the literature (22) . The laser fluence was optimized to achieve the highest analyte S/N ratios. Internal calibration was performed by addition of the Sequazyme mass standard kit (calibration mixtures 1 and 2 additionally diluted 1:20 with 30% ACN-0.1% TFA), obtained from Applied Biosystems. A mixture of 1 l analyte solution or 0.1 l rough growth supernatants, respectively, 1 l matrix solution, and 1 l calibration mixture was spotted without premixing onto a polished steel target and was air dried. After internal calibration, the most intense analyte m/z ratios were used for internal calibration of identical samples recorded with no added calibration mixture.
For determination of the N-terminal succinylation of S-entianin, highly accurate entianin and S-entianin mass spectra were recorded using the MALDI LTQ Orbitrap XL mass spectrometer in Fourier transform mass spectrometry mode. One microliter of HPLC-purified entianin, S-entianin, and an internal calibration peptide mixture were mixed with 0.7 l ClCCA solution on a polished steel plate, and the mixture was air dried. The parameters given under "MS-MS analysis" below, with a resolution of 100,000 and internal lock-mass calibration by means of the known m/z ratios of the added calibration mixture peptides, were used for recording the spectra.
MS-MS analysis. For sequence determination of linearized S-entianin, MS-MS spectra were recorded using the ion trap of the MALDI LTQ Orbitrap XL mass spectrometer as the mass analyzer. A mixture of 1 l ClCCA solution (20 mM in 70% ACN) and 1 l ZipTip-purified SPE extract containing linearized entianin as well as linearized S-entianin dissolved in 99.9% ACN-0.1% TFA was mixed onto a polished steel plate and was air dried. The following parameters were selected: precursor selector, 3,304 Da, precursor width range, Ϯ5 Da; scan type, full; scan rate, normal; WideBand activation, on; microscans per step, 2; plate motion, crystal positioning system; laser energy, 12 J; automatic gain control, on. Qual Browser, version 2.0.7 (Thermo Fisher Scientific, Inc., Bremen, Germany), was used for peak analysis.
In-solution quantification of lantibiotics. For comparison of the specific autoinduction activities, the different HPLC-purified lantibiotics were diluted in 20 mM Tris ⅐ HCl-5% ACN (pH 7.2) in such a way that analytical-scale HPLC analyses yielded nearly identical peak integrals for separated solutions of Ssubtilin and S-entianin as well as for S-entianin and entianin (see Fig. S1 in the supplemental material). The protein concentrations of these stock solutions were determined by the micro-bicinchoninic acid (micro-BCA) method (35) using a bovine albumin standard of known concentration for quantification. Additionally, solutions of S-entianin and S-entianin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] were quantified without previous dilution to identical HPLC peak integrals. The concentrations in the stock solutions were determined to be 3.7 M S-subtilin and 3.2 M S-entianin; 3.4 M S-entianin and 3.5 M entianin; and 2.9 M S-entianin and 15.3 M S-entianin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Quantification of the specific autoinduction activity. The specific autoinduction of entianin and S-entianin was determined by means of a quantitative chromogenic microtiter plate bioassay developed by Burkard et al. (6) . The reporter strain ATCC 6633 ⌬spaS P spaS -lacZ was cultivated overnight in 5 ml modified TY medium containing 0.3 M NaCl and was subsequently diluted with the same modified medium to an optical density at 600 nm (OD 600 ) of 0.1. The HPLC-purified lantibiotic stock solutions were diluted stepwise by factors of 1.3, 3, 4, 6, 12, 24, 48, and 96 with 20 mM Tris ⅐ HCl-5% ACN for the comparison between S-entianin and entianin.
Aliquots (180 l) of the diluted reporter strain culture were transferred to 96-well microtiter plate wells and were thoroughly mixed with 20 l of the lantibiotic dilution series. Every culture was tested for autoinduction activity together with a blank sample in triplicate. The combined reporter strain-lantibiotic cultures were incubated for 6 h at 37°C with 10 min of shaking at 800 rpm every hour. The ␤-galactosidase activity was determined according to the work of Burkard et al. (6) . To avoid growth differences in the reporter strain, identical overnight cultures were used for each comparison.
Determination of the entianin MIC. The MIC of purified entianin was tested according to the DIN-58940-8 microdilution method (34a) .
Quantification of cell wall stress induced by entianin and S-entianin. B. subtilis strain BSF 2470pX was used to report stress interfering with the lipid II cycle (31) as described previously (7) . An overnight culture of strain BSF 2470pX was diluted in TY-0.3 M NaCl to a final OD 600 of 0.1. Aliquots (200 l) were separated into 96-well plates and were incubated for 3 h at 37°C. After the addition of different amounts of lantibiotics, the samples were further incubated for 1 h at 37°C. Enzyme activities were determined as described previously (40) . Standard deviations were calculated by three independent approaches. DNA sequencing. DNA sequencing was performed by Scientific Research and Development GmbH, Oberursel, Germany.
Nucleotide sequence accession number. The DNA sequence of the entianin gene cluster of B. subtilis strain DSM 15029 T has been deposited in GenBank under accession number HQ871873 (see Fig. S4 in the supplemental material).
RESULTS

Entianin, a new lantibiotic from B. subtilis DSM 15029
T . Bacillus subtilis subsp. spizizenii DSM 15029
T efficiently induced subtilin production in our previously described, highly sensitive test system (Fig. 1, left) using reporter strain B. subtilis ATCC 6633 ⌬spaS P spaS -lacZ (6) . For further analyses, the active substances from the supernatants of B. subtilis DSM 15029 T and the known subtilin producer B. subtilis ATCC 6633 were purified by reversed-phase solid-phase extraction (SPE) and were fractionated by HPLC separation (Fig. 1, right T supernatant obtained after cultivation for 30 h in 50 ml Landy medium and centrifugation for 20 min at 10,000 rpm. According to mass spectrometric analyses, the marked peaks correspond to entianin [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] T [34] ), two autoinducing fractions, which contained compounds with m/z ratios of 3,347.6 and 3,447.6, could be separated (Fig. 2) . These compounds exceed the mass of subtilin and that of the 100.0-Da-larger isoform S-subtilin, respectively, by 28 Da each. Additional signals shifted by ϩ16 Da each correlate with partial oxidation apparently occurring during the purification process, since no oxidation by-products were detected by whole-cell measurements of subtilin producers by use of MALDI-TOF MS (42) .
The high specificity of the autoinduction bioassay suggested that the autoinducing compounds of B. subtilis DSM 15029 T correspond to a novel subtilin-like lantibiotic with unsuccinylated and succinylated isoforms, which was named entianin. Integration of the corresponding chromatogram peaks of Fig.  1 indicated a 1:3.7 ratio for the production of entianin versus S-entianin. Whereas B. subtilis DSM 15029 T produced a considerable amount of free entianin, the B. subtilis laboratory strain ATCC 6633 produced succinylated subtilin almost exclusively (data not shown). In addition to entianin and Sentianin, two peptide fragments without antibiotic activity, corresponding to the N-terminal fragment entianin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and the C-terminal fragment entianin [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , were eluted as distinct peaks from the C 18 column (Fig. 1, right) .
The concentration of an HPLC-purified S-subtilin solution was determined according to the micro-BCA method of Olson and Markwell (35) . The determination of the analytical HPLC peak areas of this stock solution and its dilutions allowed for a correlation between S-subtilin concentrations and chromato- T . The entianin derivatives generated could be quantified to 16.6 g/ml S-entianin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , 25.9 g/ml entianin, and 96.9 g/ml Sentianin.
Antibiotic activities of entianin and S-entianin. After purification by SPE and HPLC, S-subtilin and the various forms of entianin were quantified in solution and were diluted to the same concentrations (see Fig. S1 in the supplemental material). The antibiotic and autoinducing activities of these equal concentrated stock solutions and their subsequent dilutions were analyzed. Whereas entianin completely inhibited the growth of the non-subtilin-producing strain B. subtilis 2470pX at concentrations less than 0.6 g/ml (Fig. 3a) , 25 g/ml of S-entianin (Fig. 3a) and more than 60 g/ml of S-subtilin (data not shown) were needed to inhibit the growth of the test strain. These results are in accordance with the strongly reduced induction of cellular envelope stress by S-entianin compared to entianin (Fig. 3b) . This suggests that succinylation dramatically lowers the antibiotic activity of entianin through reduced lipid II affinity or less-efficient pore formation.
For further analysis of its antibiotic potential, the antibiotic activities of unsuccinylated entianin were analyzed in detail by the microdilution method (DIN-58940-8) against several bacterial strains, including Staphylococcus aureus ATCC 43300 (a methicillin-resistant S. aureus [MRSA] strain) and Enterococcus faecalis ATCC 51299 (a vancomycin-resistant enterococcus [VRE] ). The MICs of entianin were in the range of 4 to 16 g/ml for all strains tested (Table 2 ) and were 8 g/ml for MRSA and 8 to 16 g/ml for VRE. This is in the same range as the known MICs of nisin A against different S. aureus (1 to Ͼ16 g/ml) and E. faecalis (1.5 to Ͼ16 g/ml) strains (5, 11, 32, 37) .
Autoinduction activities of entianin and S-entianin. Although lantibiotic succinylation caused strongly reduced antibiotic activity, S-entianin still provided strong autoinduction of the subtilin-sensing system with similar kinetics (Fig. 4) . In the case of entianin, it was possible to analyze the effect of succinylation on autoinduction also; this showed that S-entianin was less efficient than its unsuccinylated counterpart (Fig. 4) . At higher concentrations, entianin causes lysis of the test strain, which explains the decrease in autoinduction. . After 3 h of growth in microtiter plates and the subsequent addition of entianin or S-entianin at the final concentrations given in the graph, optical densities at 620 nm were determined (filled bars). After incubation for 1 h, optical densities were again determined (shaded bars) for entianin and S-entianin. Note that the S-entianin concentrations applied were much higher than those of entianin. (b) Cell wall stress induction by different concentrations of entianin (left) and S-entianin (right) using the LiaRS system for detection in B. subtilis BSF 2470pX (P liaI -lacZ) (31). ␤-Galactosidase activity was determined by means of the absorption of generated o-nitrophenol.
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Determination of the primary structure of entianin from B. subtilis DSM 15029
T . For closer analysis of the primary structure of entianin, purified S-entianin was digested with trypsin (C-terminal cut after K and R, and not before P), which, however, resulted in only sparse generation of proteolytic fragments (data not shown). A comparison of the masses of the proteolytic fragments of S-entianin with those from in silico trypsin digestion of S-subtilin allowed for assignment of all the main fragments within an error range of 10 ppm by taking into account a mass shift of 28 Da. The ion of S-entianin detected at m/z 987.5 corresponds to subtilin fragments 21 to 29 (cleavages after amino acids F 20 and K 29 due to additional chymotryptic cleavage). Other identifiable S-entianin fragments exhibited a 28-Da increase in mass over the N-terminal peptide fragments of S-subtilin, thereby narrowing the possible modification site(s) to the region between amino acids 3 and 20.
For further analysis of the 28-Da difference in mass between S-entianin and S-subtilin, linearization was needed in order to perform tandem mass spectrometric analysis. Several methods for entianin linearization were tried (24, 36) ; of these, reductive cleavage using Raney nickel (43) was most successful at hydrolyzing the thioether 3-methyl lanthionine bonds. In comparison to the protonated S-entianin mass (m/z 3,447.6), the reduced counterpart was detected at m/z 3,303.9 (see Fig. S2 in the supplemental material). Assuming a pentacyclic structure of entianin similar to that of subtilin, the mass loss of 143.73 Da was attributed to the reductive cleavage of the 5 thioether bonds, resulting in a mass loss of 29.96 Da (ϪSϩ2H) each (Fig.  5a ). The additional mass difference of 6 Da between the mass loss detected and that due to 3-methyl lanthionine desulfuration may be due to the additional reduction of three didehydro residues (ϩ2H) present in subtilin (Fig. 5b) . Therefore, the detected mass of reduced S-entianin not only supports complete thioether cleavage but also indicates the presence of three didehydro residues in entianin, in agreement with the structure of subtilin.
Linearization enabled fragmentation of the previous cyclic S-entianin/entianin parts upon proteolytic digestion. MALDI-TOF MS analysis of Raney nickel-reduced S-entianin subsequently digested by chymotrypsin yielded many more fragments than those obtained by the chymotrypsin digestion of untreated S-entianin (see Fig. S3 in the supplemental material). A comparatively long digestion time was selected in order to enable enzymatic digestions after less optimal amino acids. Analysis of the mass differences between dominant peaks within an m/z range of 1,200 to 2,100 resulted in the determination of a part of the entianin as well as the S-entianin sequence (see Fig. S3 ). All peaks assigned are within an error range of 20 ppm, but succinylated fragment §1-19 has a slightly higher deviation because of saturated intensity. In addition to the known chymotryptic cleavage sites (17) , analysis of the proteolytic fragments generated from reduced S-entianin uncovered low-intensity cleavages after butyrine (methyl-groupextended alanine generated upon reduction of a 3-methyllanthionine ring) and glycine (see Fig. S3 in the supplemental material). Comparison of this part of the sequence with the known subtilin sequence enabled assignment of the fragment ions within the entianin sequence and furthermore revealed FIG. 4. Autoinduction activities of S-subtilin, S-entianin, and entianin determined with reporter strain B. subtilis ATCC 6633 ⌬spaS P spaS -lacZ. Entianin concentrations exceeding 2.9 g/ml were lethal to the reporter strain, whereas higher concentrations could be tested for the less-active compounds S-entianin and S-subtilin, resulting in saturation-like curves. Two separate tests were carried out in triplicate, one comparing S-subtilin with S-entianin (grey) and the other comparing S-entianin with entianin (black), each with the same overnight culture of the reporter strain. This exchange corresponds to a mass increase of 42.05 Da, suggesting at least one additional difference in the amino acid sequence that contributes to the detected mass shift of 28 Da. A tandem mass spectrometric approach using reductively cleaved S-entianin was used to detect these assumed further differences in composition. For this purpose, the linear ion trap of a MALDI-LTQ Orbitrap XL mass spectrometer was used in combination with collision-induced dissociation (CID) (Fig. 6 ). Only CID fragment ions within an error tolerance of Ϯ0.3 Da were taken into account (see Tables S1 and S2 in the supplemental material). The fragment ion spectrum enabled complete sequencing of S-entianin except for N-terminal fragment b 32 and allowed for identification of the Leu 6 -to-Val 6 exchange, with a mass loss of 16 Da by means of the respective y ions y 26 and y 27 . The C-terminal amino acid lysine could also be identified by the mass difference between fragment b 31 and the known mass of the precursor or those of C-terminal proteolytic peptides. Furthermore, y ions y 17 and y 18 confirmed the previously detected amino acid exchange of Ala 15 to Leu/Ile 15 (Fig. 6) . Combining the mass shifts of both exchanges results in the detected mass difference of ϩ28 Da for intact entianin and its succinylated counterpart versus subtilin and its succinylated form. Therefore, and in agreement with the results of MS-MS sequencing, further amino acid exchanges corresponding to mass changes can be excluded. The nature and position of the three assumed didehydroamino acids in entianin, as well as the positions the thioether-bridged rings, could be detected as follows. Treatment of S-entianin with Raney nickel caused a mass loss due to the reductive cleavage of 5 thioether bonds and the reduction of 3 didehydroamino acids. Reduction of didehydroalanine, didehydrobutyrine, or the amino acids participating in thioether ring formation leads to the generation of alanines or butyrines. In agreement with the conclusions from reductive linearization, 5 butyrines and 8 alanines could be detected by CID fragmentation of reduced S-entianin, 10 of which correspond to thioether-bridged rings while 3 correspond to the didehydroamino acids of native S-entianin.
Tryptic as well as chymotryptic digestion of native S-entianin led to cleavages after amino acids F 20 and K 29 (data not shown). Therefore, no thioether bridge(s) can connect N-terminal fragment 1-20 with C-terminal fragment 21-29 or 21-32. Additionally, because of the cleavage after K 29 in native Sentianin, the alanine detected at position 31 close to the C terminus (Fig. 6 ) cannot be involved in thioether bridge formation. Because all alanines and butyrines detected must either be involved in ring formation or be dehydrated, Ala 31 of reduced S-entianin must be present as 2,3-didehydroalanine in native S-entianin and entianin.
The mass of fragment 21-29, generated upon digestion of intact S-entianin, indicates the presence of two thioether bonds. Sequencing of the reduced counterpart reveals butyrines at positions 23 and 25 as well as alanines at positions 26 and 28. DNA sequencing of the entianin structural gene (Fig.  7) shows that both alanines originate from the reduction of cysteines. For steric reasons, Cys 26 cannot be connected to position 25. Consequently, ring formation must occur between amino acids 23 and 26 as well as between amino acids 25 and 28 (Fig. 7) .
For the N-terminal part of entianin, two rings must be gen- (12) (13) (14) and entianin by schematic representation. Amino acids (circled) are given in one-letter code. Posttranslational modifications are abbreviated as follows: A-S-A, meso-lanthionine; Ab-S-A, 3-methyllanthionine ("Ab" refers to ␣-aminobutyric acid); ⌬A, 2,3-didehydroalanine; ⌬B, 2,3-didehydrobutyrine. Arrows indicate amino acid residues in entianin that differ from those in subtilin. erated, one between amino acids 3 and 7 (ring A) and one between amino acids 8 and 11 (ring B), for the generation of the typical lipid II binding motif; otherwise, no antibiotic activity would be detectable. In agreement with this, DNA sequencing discloses cysteines at positions 7 and 11.
It is very unlikely that reduced Ala 5 is involved in the generation of the last missing thioether bond, since this would lead to the generation of an additional outer ring, leading to structural interference with the binding motif. Therefore, native entianin most probably exhibits a 2,3-didehydroalanine at position 5.
The three remaining reduced amino acids comprise butyrines at positions 13 and 18 and Ala 19 . DNA analysis reveals that Ala 19 originates from the reduction of cysteine. The thiol group of Cys 19 cannot be connected to position 18 for steric reasons. Therefore, the amino acids at positions 13 and 19 must be involved in ring formation, and butyrine at position 18 originates from the reduction of didehydrobutyrine.
In summary, all didehydroamino acids and positions of the thioether bridges could be identified and coincide perfectly with the corresponding modifications in subtilin and its succinylated counterpart (Fig. 7) .
Differences between isobaric Leu-to-Ile exchanges and vice versa in subtilin versus entianin are difficult to detect by conventional mass spectrometric techniques. For this purpose, additional sequencing of the etnS structural gene of entianin was performed (see Fig. S4 in the supplemental material) . Sequencing of the etnS gene of B. subtilis DSM 15029 T , which codes for the unmodified prepropeptide, including the N-terminal leader sequence, confirmed the detected exchange Leu 6 3 Val 6 , specified the exchange Ala 15 3 Leu 15 , and furthermore revealed the isobaric exchange Leu 24 3 Ile 24 (Fig. 7) .
Determination of N-terminal succinylation. Accurate mass determination of entianin and its supposed succinylated counterpart was performed with the MALDI LTQ Orbitrap mass spectrometer. The signal of protonated entianin was detected at m/z 3,347.60716 (calculated, 3,347.60185 Da; ⌬ ϭ 1.6 ppm) and that of protonated S-entianin at m/z 3,447.61798 (calculated, 3,447.6179 Da; ⌬ ϭ 0.2 ppm). Taking into account the known composition of neutral entianin (C 150 H 231 N 39 O 38 S 5 ) as well as an error tolerance of Ϯ0.5 ppm, the only possible chemical composition of the S-entianin mass increase with regard to an even electron ion was calculated to be C 4 H 4 O 3 . N-terminal localization of the derivatization could be verified by means of a mass shift of about 100 Da of all N-terminal b ions but not for any C-terminal y ions (Fig. 6) .
In view of the known N-terminal succinylation of S-subtilin (8) as well as the determination of the N-terminal derivatization of S-entianin and of C 4 H 4 O 3 as the only possible elemental composition of the derivatization, it seems obvious that, like S-subtilin, S-entianin also exhibits N-terminal succinylation.
Homology between the subtilin-and entianin-related gene clusters. Although the operon structure of the genes for the biosynthesis, immunity, and regulation of B. subtilis DSM 15029
T entianin was similar to that of the subtilin gene cluster of B. subtilis ATCC 6633, with a nucleotide identity of 93%, striking differences at the 5Ј ends of etnI, etnG, and etnK were found: three N-terminal elongations of 26 (SpaI), 33 (SpaG), and 6 (SpaK) amino acid residues were detected for the proteins responsible for self-immunity (SpaI and SpaG) and the quorum-sensing histidine kinase (SpaK) of B. subtilis DSM 15029 T relative to these proteins in B. subtilis ATCC 6633. Since the SpaI immunity protein is posttranslationally lipid acylated (15) , the question of whether the 26-amino-acid extension might interfere with posttranslational modification arose. However, Western blot analysis clearly showed that after lipid acylation and N-terminal processing, EtnI and SpaI are similar in size (data not shown). High levels of sequence identity were detected for the proteins responsible for the posttranslational modification of subtilin and entianin: 94% for EtnB, 96% for EtnT, and 92% for EtnC. This homology suggests and supports the hypothesis that 3-methyl lanthionine, 2,3-didehydroalanine, and 2,3-didehydrobutyrine are formed and localized in the same manner in entianin as in subtilin (12) (13) (14) .
DISCUSSION
In this work, we identified B. subtilis DSM 15029
T as the producer of a novel subtilin-like lantibiotic, termed entianin, by using our recently developed subtilin autoinduction bioassay in combination with MALDI-TOF MS analysis of the purified culture supernatants and DNA sequencing of the corresponding gene clusters. B. subtilis DSM 15029 is the type strain of B. subtilis subsp. spizizenii, also referred to as the W23 group. This confirms our previous findings that all B. subtilis subsp. spizizenii strains produce subtilin-like lantibiotics, whereas B. subtilis subsp. subtilis strains are not lantibiotic producers (6) . Therefore, the subtilin autoinduction bioassay provides a fast and easy tool for differentiating between strains of these two B. subtilis subspecies.
By use of Raney nickel-catalyzed reductive linearization combined with tandem mass spectrometric analysis, we developed an approach that, for the first time, allowed for thorough lantibiotic sequencing, including the characterization of difficult-to-access intramolecular ring structures. This strategy will be highly advantageous for elucidating the structure of novel lantibiotics, where linearization will facilitate great progress in the elucidation of ring formations and posttranslational modifications. By the combination of this strategy with DNA sequencing, all posttranslational modifications will become easily accessible.
Combining all data from DNA and MS-MS sequencing, we find that entianin exhibits the primary sequence of subtilin except for the amino acid exchanges Leu 6 3 Val 6 , Ala 15 3 Leu 15 , and Leu 24 3 Ile 24 and represents a third subtilin-like lantibiotic along with ericin S from B. subtilis A1/3 (41) . Although the differences in primary structure among subtilin, ericin, and entianin are based on the exchange of hydrophobic amino acids, such changes can influence antibiotic activity considerably. This has been shown for ericin, where the exchange of two hydrophobic residues caused strongly increased antibiotic activities (41) , and also for gallidermin, with a single amino acid exchange relative to the sequence of epidermin (39) . In B. subtilis DSM 15029 T , the lantibiotic entianin is produced not only in its succinylated form but also as an unsuccinylated species with an antimicrobial activity much higher than those of S-entianin and S-subtilin, as determined by use of a B. subtilis test strain. Therefore, succinylation seems to dramatically decrease the antibiotic properties of entianin and subtilin, perhaps through diminished lipid II-lantibiotic interaction or hampered integration of the complex into the cytoplasmic membrane.
As previously reported, N-terminally succinylated subtilin showed much lower antibiotic activity than subtilin (8) . This is confirmed by the new subtilin-like lantibiotic entianin, which exhibits a 40-fold higher antibiotic activity in its unsuccinylated form. Remarkably, autoinduction is not severely affected by succinylation; S-entianin reaches 70% of the autoinduction level of unsuccinylated entianin. However, it should be taken into account that the maximal autoinduction level of entianin is difficult to calculate, because this lanthionine becomes toxic at concentrations clearly below 1 g/ml. Nevertheless, it is obvious that S-entianin has a strong autoinduction capacity, whereas its antibiotic activity is nearly eliminated. Therefore, succinylation does not interfere with the lantibiotic sensing system to the same degree that it influences antibiotic activity, perhaps due to a lowered cell wall permeability caused by the negative charge of the N-terminal modification.
DNA sequencing of the etn gene cluster of B. subtilis DSM 15029 T , which is responsible for entianin biosynthesis, regulation, and autoimmunity, revealed a high degree of homology (93%) with the spa gene cluster of B. subtilis ATCC 6633 (responsible for subtilin biosynthesis). Still, open reading frame extensions of 26 and 33 additional amino acids relative to their subtilin immunity protein counterparts indicate Nterminally extended sequences for the entianin immunity proteins EtnI and EtnG. However, at least for EtnI, maturation and cleavage of the N-terminal extension result in the same size as that of SpaI (28) .
All B. subtilis subsp. spizizenii strains investigated hitherto for lantibiotic production have been shown to be subtilin producers (such as ATCC 6633, DSM 618, DSM 1087, DSM 6395, DSM 6405, and DSM 8439 [6] ); however, the type strain of B. subtilis subsp. spizizenii, DSM 15029, does not produce subtilin but the subtilin variant entianin. This is in agreement with unpublished data from the German Collection of Microorganisms and Cell Cultures (http://www.dsmz.de/microorganisms /html/strains/strain.dsm015029.html) which reveal that the type strain has a riboprint pattern different from those of other strains of the same subspecies. Consequently, a reevaluation of DSM 15029 as the type strain of B. subtilis subsp. spizizenii should be considered.
In summary, we report on the identification of the new subtilin-like lantibiotic entianin, which can be isolated in its unsuccinylated form and provides comparably high antibiotic activity in the same concentration range as nisin A, which is active against various Gram-positive pathogens (5, 11, 32, 37) . Considering the increasing resistance to antibiotic treatment and the need for new antibiotics, entianin might be a promising candidate for potential applications against MRSA and E. faecalis infections. Furthermore, our finding that the less-toxic isoforms S-entianin and S-subtilin have autoinduction activity may provide a new tool for the biotechnological production of entianin.
